To examine the effect of serum insulin independent of the level of blood glucose in vivo on platelet aggregation in healthy individuals, a euglycaemic insulin clamp was applied up to 4 h. During the clamp, blood glucose at 5.0 retool/1 and insulin levels at 100 ~U/ml were maintained. Blood samples were drawn before, 2 and 4 h after the start of the insulin clamp. The platelet aggregation induced by 1 ~tmol/1 and 2~mol/1 ADP, 1 p~g/ml collagen and 2.7 ~tmol/1 epinephrine was measured in the blood samples. Platelet aggregation induced by adenosine diphosphate, collagen and epinephrine in the 4 h sample was significantly reduced from the pre-clamp value of 8.4% to 3.9% (p<0.05), 26.2% to 7.0% (p<0.01) and 31.8% to 9.1% (p<0.0a), respectively. On the other hand, when the same individuals were infused with physiological saline and blood glucose (4.4 mmol/1) and insulin level (10 mIU/1) were kept within normal values, there was no difference between the values of induced platelet aggregation in samples drawn before and during the insulin infusion. It was concluded that hyperinsulinaemia reduces platelet aggregation in vivo when euglycaemia was maintained.
Many studies have demonstrated that platelet aggregation is often enhanced in diabetes mellitus and may lead in part to the development of micro-and macroangiopathy [1, 2] . It has been reported that the hyperaggregation of diabetic platelets may be reversed following insulin treatment of a few weeks or months [3] [4] [5] . It has been proposed that either the high serum level of insulin, regardless of the level of blood glucose, reduces the platelet aggregation or the improvements of blood glucose and plasma lipid levels reduce the platelet aggregation. To find out which of these factors reverses hyperaggregation, we determined the short-term in vivo effect of hyperinsulinaemia on platelet aggregation in healthy individuals while maintaining normal glucose levels by the euglycaemic insulin clamp technique [6] .
Subjects and methods

Subjects
Nine healthy males, aged 25-35 years, were used. Informed consent was obtained from all subjects.
Insulin clamp
After an overnight fast, the euglycaemic insulin clamp was applied and employed as described by DeFronzo et al. [6] . Insulin and 20% glucose were administered via an indwelling antecubital vein catheter. Porcine monocomponent Actrapid insulin (Novo Co., Bagsvaerd, Denmark) was diluted with isotonic saline to a concentration of 300 mU/ml. Two ml of the subject's blood was added to 50 ml of the insulin infusate in order to prevent absorption of insulin to the plastic surfaces. A 10 min priming infusion was followed by constant infusion to obtain hyperinsulinaemia for a duration of 230 rain. The 20% glucose infusion was started at 4 rain after the start of the insulin infusion. The whole blood glucose level was monitored at 5 min intervals using a glucose monitor (SMG-IIA, Nikkiso Co., Tokyo, Japan), and euglycaemia was maintained by a variable infusion of 20% glucose. The glucose infusion was continued for 30 rain after the termination of the insulin infusion. Blood samples for the determination of the levels of serum insulin, triglyceride, free fatty acid and total cholesterol as well as for platelet aggregation were drawn prior to the start of the damp, and 2 and 4 h after the start of the clamp, from a separate unwarmed antecubital vein. Effectiveness of the euglycaemic clamp was determined by the coefficient of variation of glucose and insulin levels. The mean coefficient of variation for preinfusion, 2 h and 4 h blood glucose levels was 19.8%, 27.7% and 25.8%, and for insulin levels 23.2%, 28.9% and 22.9%. During control experiments, on another day, the same individuals were infused with 0.9% normal saline with rate and amount equivalent to the 20% glucose solution as measured by changes in hematocrit and plasma albumin levels. 
Platelet aggregation
Platelet aggregation was measured by Bore's method [7] . Venous blood (5 ml) was drawn by the same operator using a 21 G needle and a vacuum tube containing a 3.8% sodium citrate solution (1:10, V/V). Platelet rich plasma (PRP) was prepared by centrifugation at 100 g for 10 min at 23 ~ The PRP platelet count was adjusted to 300,000/mm by addition of platelet poor plasma (PPP) prepared by centrifugation of blood at 300 g for 10 min at 23 ~ Platelet aggregation was determined at 37 ~ using a Sienco dual sample aggregation meter (Model DP-247-E, Sienco Institute, Morrison, Colo., USA). All samples of PRP (250 ~tl) were preincubated in polystyrene cuvettes at 37 ~ prior to the addition of aggregating agents. Aggregation was measured at 37 ~ while stirring with a magnetic stir bar at a speed of 1,100 rpm. Aggregating agents (platelet aggregation reagent kit No.885, from Sigma Chemical Co., St.Lonis, Mo., USA) were added to 250 lxl of PRP tO reach a final concentration of I Ixmol/1 and 2 ktmol/1 for adenosine diphosphate (ADP), 1 Ixg/ml for collagen and 2.7 ~tmol/1 for epinephrine. The maximum aggregation was assessed by measuring the highest peak of aggregation curve during 6 rain and expressed the percentage transmission based on 0% of PRP and 100% of PPE All procedures were completed within 2 h of the blood sampling.
Lipid quantification and insulin levels
Total plasma cholesterol and triglyceride were measured by SMAC Auto Analyzer (SMAC, Technicon, Tokyo, Japan). Plasma free fatty acid was measured by an enzyme assay [8] and insulin by a doubleantibody radioimmunoassay technique [9] .
Statistical analysis
All values are expressed as mean + SD. The values before and after the clamp were compared using the paired Student's t-test [10] .
Results
Blood glucose, insulin, triglyceride, free fatty acid and total cholesterol levels
The levels of blood glucose, insulin, triglyceride, free fatty acid and total cholesterol in the 4 h saline and insulin clamp sera are listed in Table 1 . During the insulin damp, insulin levels were approximately 10-fold higher than base levels, while the blood glucose levels remained constant. The triglyceride and free fatty acid levels decreased with time. There were no alterations in total cholesterol levels. Saline infusion did not alter the blood glucose, insulin, triglyceride, free fatty acid or total cholesterol levels during the study.
Platelet aggregation induced by ADP, collagen and epinephrine
Platelet aggregation induced by 1 Ixmol/1 and 2 lxmol/1 ADP, 1 ktg/ml collagen and 2.7 ktmol/1 epinephrine during insulin and saline infusion is shown in Table 2 . Insulin infusion tended to inhibit platelet aggregation induced by 1 ~tmol/1 ADP, 1 Ixg/ml collagen and 2.7 ~tmol/1 epinephrine in time-dependent manner and significant decrease was observed with 1 [xmol/1 ADP p < 0.05, 1 9g/ml collagen p < 0.02 and 2.7 ~tmol/1 epinephrine p < 0.01 at 4 h after the start of insulin infusion. The degree of platelet aggregation reduction for 1 ~tg/ml collagen and 2.7 ~tmol/1 epinephrine was similar. Platelet aggregation induced by 1 ~tmol/1 ADP, l ~tg/ml collagen and 2.7 ~tmol/1 epinephrine in the 4 h sample was significantly reduced from the preclamp value of 8.4% to 3.9% (p<0.05), 26.2% to 7.0% (p<0.01) and 31.8% to 9.1% (p<0.01), respectively. When these are expressed in terms of reduction percentages, the aggregation induced by 1 ~tmol/1 ADP, 1 ~tg/ml collagen and 2.7 ~tmol/1 epinephrine was reduced by 50%, 73.1% and 71.4%, respectively, when the values of the pre-infusion were considered as 100%. In contrast, saline infusion did not alter the aggregation induced by 1 ~tmol/1 ADP, 1 Ixg/ml collagen or 2.7 ~tmol/1 epinephrine. No difference in platelet aggregation was observed betwee, n pre-saline and pre-insulin infusions.
Discussion
Previous reports have noted concomitant improvement of platelet aggregation abnormalities in diabetic patients on insulin with good blood glucose control [3] [4] [5] .
In the present study, the effect of insulin on platelet aggregation at constant plasma glucose levels was examined. It was found that, 2 h after the start of insulin infusion, a significant reduction of the ADP-induced platelet aggregation was observed. Four hours after the start of insulin infusion, there was a significant reduction of the platelet aggregation induced by all four agents. The blood glucose level was kept constant during the duration of experiments, but the triglyceride and free fatty acid levels decreased by a time-dependent manner. The cause and effect relationship between the antilipolytic effect and the decreased platelet aggregation could not be statistically established, since the individual value on the reduction in the free fatty acid level at 4 h after the start of insulin infusion did not significantly correlate with the individual reduction percentage of the epinephrine-induced platelet aggregation at 4 h after the start of insulin infusion. The onset of recognisable effects after the start of insulin infusion appear to vary with the parameter examined. Hassanein et al. [11] have reported that the delay in diabetic platelet disaggregation returned to normal at 30 min after an intravenous injection of insulin. The decreased erythrocyte deformability in diabetes has been shown by Vague et al. [12] to improve with a 2-h insulin infusion. A significant enhancement of low density lipoprotein receptors in normal human mono-cytes [13] and enhancement of lipoprotein lipase activity in normal human adipose tissue [14] has been observed at 4 or 6 h, respectively, after the start of insulin infusion. Alterations which are recognisable within a short time after the start of insulin infusion, such as the improvement of platelet disaggregation [11] , the increase of erythrocyte elasticity [12] and the decrease of plasma triglyceride and free fatty acid levels, may be due to a direct action of the infused insulin. The delayed effects of insulin on the reduction of induced platelet aggregation, the enhancement of low density lipoprotein receptors in human monocytes [13] and the enhancement of lipoprotein lipase activity in human adipose tissue [14] may be mediated through other metabolic factors. The ability of ADP, collagen and epinephrine to induce platelet aggregation were equally reduced with the insulin infusion. As these agents can be expected to interact with independent sites on the surface of a platelet, it is unlikely that insulin competes in a similar manner for all those different sites. It is more likely that insulin exerts its effect on a metabolic pathway which leads to aggregation of platelets. One possible site that insulin may interact with is the pathway of thromboxane synthesis since McDonald et al. [3] reported that enhanced thromboxane production in diabetic platelet was normalized by good control of blood glucose using continuous insulin infusion. In the present study, it remains unresolved as to whether insulin directly modulates platelet enzymes or affects the binding sites of aggregating agents on the membrane of platelet.
It has been reported that insulin treatment normalises the altered function of platelets in diabetic patients only when there is strict glucose control [3] [4] [5] . It is possible that hyperglycaemia counteracts the effect of insulin on platelet aggregation. We have not examined the effect of insulin on platelet aggregation in presence of hyperglycaemia; nevertheless, it can be concluded that hyperinsulinaemia reduces platelet aggregation in the presence of euglycaemia.
